Organic field-effect transistors were fabricated with pentacene as the active material and a ferroelectric copolymer poly(vinylidene fluoride-trifluoroethylene) as the gate insulator. As-prepared devices showed normal p-type transistor operation. The ON-and OFF-states could be written to the device by applying appropriate voltages to the gate with respect to short-circuited source and drain electrodes. Recently, much attention has been paid to the ferroelectric (FE) memory in order to get nonvolatile memory devices.
Recently, much attention has been paid to the ferroelectric (FE) memory in order to get nonvolatile memory devices. [1] [2] [3] The ferroelectric field effect is the modulation of the surface potential of a semiconductor by the spontaneous polarization of a ferroelectric, which is in intimate contact with the semiconductor. In this case the memory cell consists of only one device where the stored information is written as a gate insulator polarization by a gate voltage pulse and read by the channel conductance control with channel voltage pulse without destruction of the stored information. Thin film transistors belong to this class of FE memories, which are called nondestructive readout (NDRO) type. The destructive readout (DRO) type is the metal/FE/metal capacitor, which must undergo a change of polarization as it is read.
Though there has been tremendous progress in the research on organic field-effect transistors (OFETs) over the last two decades, 4 very few attempts have been made to link the nonvolatile memory element and the OFET. The nonvolatile transistor memory has been investigated with an inorganic dielectric and an organic semiconductor. 5 The memory retention properties of organic FETs with electrets as gate dielectrics have also been reported. 6, 7 However the reports on OFETs with organic ferroelectric gates are scarce in literature. Previously, a memory effect on organic based transistor with a ferroelectric as gate was only observed as a hysteresis in the current-voltage characteristics. 5, 8 Poly(vinylidene fluoride), PVDF and its copolymer with trifluoroethylene, P(VDF-TrFE) are among the best-known ferroelectric polymers. 9, 10 Metal/insulator/semiconductor devices have been fabricated and the memory effect has been studied in a Si device with P(VDF-TrFE) as the gate insulator.
11 P(VDF-TrFE) has been used to control the surface potential of SiO 2 insulator in an organic FET, 12 but there appears to be no report of using this interesting polymer as the gate insulator in an organic FET. In this letter, we report new results of an organic FET, with pentacene as the active material and P(VDF-TrFE) as the gate insulator.
Indium tin oxide (ITO) coated glass slides (Merck, R s Ͻ 15 ⍀ / ᮀ) were used as the substrates. The ITO was selectively etched to form the electrical contact for the gate insulator and to form the contacts for the source and drain electrodes. P(VDF-TrFE) (7 : 3, obtained from Atochem Chemicals) films of 1.3 m thickness were spin coated on the cleaned substrates from a 10% solution of methylethylketone at a speed of 2000 rpm. The films were subsequently annealed at 145°C for 3 h, as this would enhance the ferroelectric properties. 13 Pentacene (obtained from Aldrich) was evaporated onto the polymer films using a thermal evaporation plant attached to a MBRAUN 200B glove box. The deposition was performed under pressure of ϳ10 −6 mB and at a rate of 0.1-0.2 nm per second, monitored by an Edwards FTM 7 quartz oscillator. The thickness of the pentacene films was 100 nm. To complete the FET structure, gold source, and drain electrodes were deposited over the pentacene layer using a shadow mask under a pressure of 10 −6 mB and at a rate of 0.01-0.02 nm per second. The gold electrodes had a thickness of 50 nm. The channel length was 120 m and the channel width was 5 mm. During all the evaporations, the substrates were held at room temperature. A schematic diagram of the device is shown in Fig. 1 .
The electrical characterizations of the devices were done in Ar atmosphere inside the glove box, without the devices being exposed to the air. A combination of a Keithley 2400 SMU and a Keithley 236 SMU was used to study the FET characteristics. Writing voltages V w were applied via the gate relative to a common source and drain voltage. Atomic force microscope (AFM) image of a typical P(VDF-TrFE) film surface was recorded in contact mode on a PICOAFM scanner (Molecular Imaging Inc.). The capacitance of the P(VDF-TrFE) film was determined by a Solartron 1250 frequency response analyzer and a Solartron 1286 electrochemical interface, by employing a sandwich structure of the a)
Author to whom correspondence should be addressed; electronic mail: jean-michel.nunzi@univ-angers.fr film with evaporated Al electrodes. The thickness of the pentacene film and the polymer film were measured by a Talystep 223-7 stylus profilometer. Figure 2 shows the transistor characteristics of a typical device. The FET works in the accumulation enhancement mode. The field-effect mobility FE and the threshold voltage V t were determined using the saturation drain current I d,sat which is given by
where W is the width of the channel, L is the length of the channel, C i is the capacitance per unit area of the gate insulator, and V g is the gate voltage. Using Eq.
(1) and the values, W = 0.5 cm, L = 120 m and C i = 7.2 nF/ cm 2 , we obtain FE = 5.1ϫ 10 −3 cm 2 / V s. and V t = −1.9 V. AFM images reveal that a typical P(VDF-TrFE) film surface has a RMS surface roughness of 128 Å. Such rough surfaces do not favor high mobility semiconductor film growth and this could be the reason for the low value of mobility. However, it may be noted that our aim was not to improve the mobility of the pentacene FET, but to study the nonvolatile memory effect arising from the ferroelectric gate. Figure 3 shows the hysteresis exhibited by the device upon sweeping the gate voltage from 0 to −40 V and back keeping V d constant at −10 V. Such counterclockwise hysteresis has previously been reported to be due to FE polarization of the gate insulator. 15, 16 In bulk inorganic FE-FETs, a memory is established by writing a voltage using an external gate. To study the memory retention, we applied the writing voltage to the gate with respect to the short-circuited source and drain electrodes. After writing with a gate pulse of −100 V of duration 3 s, the transistor works in the ON-state and the drain current at zero gate bias is considerably enhanced. In turn, after writing with +100 V the transistor goes to OFF-state as expected. The value of I d was measured at V d = −40 V, with zero gate bias at fixed intervals of time for both the cases and the decay of ON-and OFF-states with time is depicted in Fig. 4 . The memory retention is found to be excellent. The ON-current drops only to 81% of its initial value even after 5 h where as the OFF-current seems to be even more stable. The data presented are representative of a set of ten samples.
In the ideal case of ferroelectric FETs, interface states and bound charges are absent, and the concentration of the carriers at the ferroelectric / semiconductor interface is controlled mainly by the superposition of gate electric field and polarization electric field of the FE domains. Trapping of carriers at the nonideal gate dielectric/semiconductor interface is another competing mechanism. In our case, the magnitude of the change in drain current after writing the ONstate suggests that some trapping can also be involved. A possible mechanism is suggested as follows. During the writing process, some of the carriers generated in the semiconductor could be trapped near the FE/semiconductor interface. Even when the gate field is withdrawn, these charges remain trapped because of the polarization electric field. Thus the traps at the interface being inactive, establishment of a channel becomes easier and the charges generated by the polarization field constitute a drain current in the absence of any gate field. The memory remains as long as the polarization lasts.
Some recent reports suggest that very thin films of P(VDF-TrFE) can be fabricated by Langmuir-Blodgett deposition 17, 18 and that electron irradiation alters the properties of P(VDF-TrFE) films dramatically. 10 Hence it is expected that the writing voltage required for switching in our devices can be decreased upon enhancing the properties of the ferroelectric. In the light of the above, our results assume importance, as it could be the building block of an "allorganic", eventually plastic, nonvolatile memory device with long data retention time.
We note that during the review process of the present manuscript a similar work has been published where the authors have used nylon poly(m-xylylene adipamide) as the gate insulator and have also obtained memory retention properties. 
